Introduction
============

The K~v~1.5 channel, a member of the superfamily of voltage-dependent K^+^ channels (K~v~; channel nomenclature follows [@b2]), carries the ultra-rapid component of the delayed-rectifier K^+^ channel current (I~Kur~) in cardiomyocytes ([@b26]). Because it plays an important role in action potential repolarization, it is of particular clinical importance as a target of antiarrhythmic drugs ([@b32]).

The level of expression and proper distribution of K~v~ channels are crucial for determining the shape and duration of action potentials. PSD95/Dlg/ZO-1(PDZ) domain-containing proteins interact with various types of synaptic proteins, such as ion channels, signal transducers and cytoskeletal compartments, and regulate neural transmission ([@b14]). Especially, these proteins act as a scaffold to play a pivotal role in both organization and subcellular localization of Shaker-type K^+^ channels and N-methyl-D-aspartate (NMDA) receptors ([@b23]; [@b27]; [@b37]). Membrane-associated guanylate kinase (MAGUK) proteins contain PDZ domains and are important factors for retention of channels in distinct domains of the plasma membrane, as described for retention of K~v~4.2 channels in dendrite spines of hippocampal neurons ([@b13]). The synapse associated protein 97 (SAP97), one of the MAGUK family proteins, is known to be expressed in intercalated disks of myocardium where it colocalizes with K~v~1.5 channels ([@b25]; [@b15]). SAP97 is coimmunoprecipitated with K~v~1.5 channels, suggesting a direct interaction between SAP97 and K~v~1.5 proteins ([@b25]). It is assumed that SAP97 stabilizes K~v~1.5 channels, by analogy to the neuronal MAGUK PSD95 protein that immobilizes the K~v~1.4 channel and prevents its internalization ([@b31]; [@b6]; [@b20]). Indeed, SAP97 binds to the three COOH-terminal amino acid residues of K~v~1.5 channels, and coexpression of SAP97 and K~v~1.5 channels increased I~Kur~ and 4-aminopyridine (4-AP) sensitive voltage-dependent currents in heterologously expressed cells ([@b25]; [@b1]). These findings suggested that the reduced mobility of K~v~ subunits by anchoring proteins might be an important determinant of the proper assemblage of multiprotein complexes and the normal activation and regulation of potassium currents. Thus, it appears that SAP97 is one of the major regulators of K~v~1.5 channel function.

Little is known about regulation of SAP97 expression. Growth factors and neurotrophins, such as brain-derived neurotrophic factor (BDNF) and neuregulin-1 (NRG1), have been reported to regulate SAP97 expression by altering its post-translational modifications ([@b38]; [@b9]; [@b19]). Recently, we reported that the heat shock factor 1 (HSF-1) inducer, geranylgeranylacetone (GGA), and heat shock protein (Hsp) 70 stabilize cardiac K~v~1.5 proteins in the endoplasmic reticulum (ER) and Golgi apparatus to increase I~Kur~ ([@b17]). HSF-1 is activated, trimerizes and accumulates in the nucleus. HSF-1 trimers bind with high affinity to HSEs that consist of multiple contiguous inverted repeats of the pentamer sequence nGAAn located in the promoter region of target genes ([@b34]). The purpose of the current study was to determine whether the transcription factor HSF-1 and its inducer GGA can affect expression of SAP97. We found that via binding of HSF-1 to heat shock elements (HSEs), HSF-1 and GGA could induce the transcription of SAP97. These effects were modified by a deacetylase and longevity factor, SIRT1.

Methods
=======

Culture and transfection of HL-1 cardiomyocytes
-----------------------------------------------

A cardiac muscle cell line, HL-1, exhibits spontaneous contraction and retains phenotypic characteristics of adult cardiomyocytes ([@b8]). HL-1 cells were cultured in Claycomb medium (Sigma-Aldrich, Irvine, CA, USA) supplemented with 100 µM noradrenaline, 100 U·mL^−1^ penicillin, 10% fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS, USA) and 4 mM L-glutamine (Wako, Osaka, Japan) in a humidified 5% CO~2~ incubator at 37°C. The medium was replaced every 24 h. The culture flasks were precoated overnight with Dulbecco\'s phosphate buffer saline (PBS) containing 0.012 mg·mL^−1^ fibronectin and 0.2 mg·mL^−1^ gelatin. For all overexpression experiments, cells on 35 mm dishes were transiently transfected using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). The transfection efficiency was estimated approximately 80% based on green fluorescent protein (GFP) fluorescence. Forty-eight hours after transfection, cells were harvested, and their extracted protein was subjected to Western blotting analysis. GGA, brefeldin A and colchicine were dissolved in dimethyl sulphoxide or ethanol. The final concentration of either dimethyl sulphoxide or ethanol in the culture medium was equal to or less than 0.01% v/v. GGA was kindly donated by Eisai Co., Tokyo, Japan.

Western blotting
----------------

Cells were lysed by sonication in a buffer (PBS/1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecylsulphate, 10 µg·mL^−1^ aprotinin, 10 µg·mL^−1^ leupeptin, 10 µg·mL^−1^ pepstain and 1 mM phenylmethylsulphonyl-fluoride), and insoluble materials were removed by centrifugation (500 ×*g*, 10 min). Protein concentrations were determined by using NanoDrop A280 (Thermo Fisher Scientific Inc., Worcester, MA, USA); 2--10 µg of the protein was separated on 10% SDS-PAGE and electrotransferred to a polyvinylidene fluoride (PVDF) membrane. Membranes were probed with antibodies against β-actin (1:5000, Calbiochem, La Jolla, CA, USA), Kv1.5 (1:200; Alomone Laboratories Ltd, Jerusalem, Israel), SAP97 (1:1000; Upstate, Billerica, MA, USA), Hsp70 (1:1000; Santa Cruz Bio., Santa Cruz, CA, USA) and HSF-1 (1:1000; provided from Professor Nakai) and were developed using an ECL Plus detection kit (Amersham Bio., Piscataway, NJ, USA).

Semiquantitative reverse transcription-polymerase chain reaction (RT-PCR)
-------------------------------------------------------------------------

Total RNAs of HL-1 cells were extracted using RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA) and were subjected to an RT-PCR assay (Prime Script RT-PCR Kit; TAKARA Bio., Shiga, Japan). RNA samples were treated with DNase I (Promega Co., WI, USA) to eliminate genomic DNA. The PCR product was screened by 1% agarose gel electrophoresis, stained with ethidium bromide and visualized in a ultraviolet (UV) transilluminator. The primers are used for SAP97 (*Dlg*1): forward 5′-CAGGAAACGAGTGATGCTGA-3′, reverse 5′-GCTCGTCCCATACAGATGGT-3′; SIRT1: forward 5′-TTCCACTTTGGCATAAGGC-3′, reverse 5′-GCCATCCCTTCACGTTAG-3′; β-actin: forward 5′-CCAACCGCGAGAAGATGA-3′, reverse 5′-CCAGAGGCGTACAGGGATAG-3′.

Quantitative real-time PCR
--------------------------

Total RNA was extracted from cultured cells using RNeasy Plus Mini Kit (Qiagen) according to the manufacturer\'s instructions. RNA samples were treated with DNaseI (Promega Co.) to eliminate genomic DNA contamination, and cDNA was synthesized using SuperScript™ II reverse transcriptase (Gibco-BRL, Grand Island, NY, USA). RT-PCR was done with the 7900HT Fast real-time RT-PCR System, 384-well plate according to the manufacturer\'s instructions (Applied Biosystems, Foster City, CA, USA). The universal ProbeLibrary (Roche, Basel, Switzerland) probes no. 93 and no. 63 were used for SAP97 and β-actin respectively. A SAP97 gene-specific primer set overlapping the middle of exon 19 and the middle of exon 20 (forward 5′-TTCCCGAAAATTTCCCTTCT-3′; reverse: 5′-TGGCATTAGAAGTTACGTGCTG-3′) was used to obtain 86 bp products. The primers for β-actin overlapped the end of exon 5 and the middle of exon 6 (forward 5′-GGATGCAGAAGGAGATTACTGC-3′; reverse 5′-CCACCGATCCACACAGAGTA-3′) resulting in 123 bp products. Data analysis was done with the SDS software version 3.2 (Applied Biosystems). cDNA was also amplified with PCR and separated by electrophoresis, stained with ethidium bromide and visualized in a UV transilluminator.

Construction of SAP97 promoter-luciferase fusion plasmids and luciferase reporter gene assay
--------------------------------------------------------------------------------------------

A ∼1 Kb bp promoter fragment of mouse SAP97 gene was amplified by PCR using primers (\[Nhe1 +1000 to +1026\] and \[*Hin*dIII −2000 to −1974\]) (forward 5′-AGCTAGCGGAGGCTCTCTCCTTCCACCATGTG-3′) (reverse 5′-TGAACACGTGCTGGCCAACTTCAAGAAAAAGCTTAA-3′). The fragment contains putative HSEs (−919 to −714) predicted by Searching Protein and Nucleic Acid Sequence Motifs (MOTIF-SEARCH). It was ligated into the pGL3Basic Vector (Promega Co.) at *Nhe*I and *Hin*dIII (NEB BioLabs Inc., Cambridge, UK) sites (pGL3/SAP97) after filling-in reaction by Klenow reagent. A pGL3/ΔHSEs, deletion construct lacking the HSEs (−919 to −740) was generated. The DNA sequences were verified by the ABI PRISM® 7700 sequence detection system (Applied Biosystems). HL-1 cells on 35 mm dishes (1 × 10^5^/well) were transfected for overnight with pGL3/SAP97, pGL3/ΔHSEs or the parental vector. pRL-TK vector (*Renilla* luciferase, Promega Co.) was used as an internal control of transfection efficiency. Luciferase activities were measured using the Dual Luciferase Reporter Assay System (Promega Co.) and analysed by a Wallac 1420 luminometer (Perkin Elmer Wallac Inc, Turku, Finland).

Knock down of SIRT1 and SAP97
-----------------------------

Sequences of small interfering RNA (siRNA) oligonucleotides targeting the open reading frame of mouse mRNA are listed. SIRT1: sense 5′-CGAUGGACUCCUCACUAAUGG-3′; anti-sense 5′-AUUAGUGAGGAGUCCAUCGGU-3′ (Sigma-Aldrich); SAP97 siRNA target sequences: 5′-GCGGGUAAAUGACUGUAUA-3′ (Thermo Fisher Scientific Inc). HL-1 cells on 35 mm dishes were transfected overnight with siRNA oligonucleotides using Lipofectamine 2000 Reagent (Invitrogen) according to the manufacturer\'s instructions. Cells were lysed for 48 h after transfection, and extracts were subjected to Western blot analysis as described above.

Electrophysiological recordings
-------------------------------

COS7 cells transfected with GFP and Kv1.5-FLAG plasmid were treated with GGA (Eisai Co.) at 100 nM for 12 h and subjected to the whole-cell patch clamp to measure the K~v~1.5 channel-mediated membrane current. The pipette solution contained (in mM) 140 K aspartate, 5 MgCl~2~, 5 K~2~ATP, 5 EDTA, 5 HEPES (pH 7.2), and the external solution was Tyrode\'s solution. Procedures for the current measurement were essentially the same as described by [@b21]. Currents were elicited every 6 s by 500 ms test pulses ranging from −60 to +80 mV (in 10 mV increments). The holding potential was −60 mV. K~v~1.5 current was measured as the difference between the currents consecutively recorded in the absence and presence of 1 mM 4-AP.

Densitometry analysis
---------------------

Densitometry analysis was carried out using the digital imaging program Image J (U.S. National Institutes of Health). Each band was quantified by a mean pixel value after subtraction of background.

Statistical analysis
--------------------

Data are presented as the mean ± SEM. Statistical significance was determined using Student\'s *t*-test. A *P*-value of \<0.05 was considered statistically significant. All analyses were performed using StatView version 5.0.1 (SAS Institute Inc., Cary, NC, USA).

Materials
---------

4-Aminopyridine (4-AP), brefeldin A and colchicine were purchased from Wako and noradrenaline, resveratrol and nicotinamide from Sigma-Aldrich.

Results
=======

Heat shock and HSF-1 increased the protein levels of both SAP97 and K~v~1.5 in HL-1 cells
-----------------------------------------------------------------------------------------

[Figure 1](#fig01){ref-type="fig"} shows the effect of heat shock at 42°C for 1 h on the protein levels of Hsp70, HSF-1, SAP97 and K~v~1.5 channels in HL-1 cells. As expected, the protein levels of Hsp70 and HSF-1 significantly increased at 48 h after the treatment. Similarly, the protein levels of SAP97 and K~v~1.5 channels were also significantly increased. We hypothesized that the increases of K~v~1.5 and SAP97 proteins were attributable to the activation of HSF-1. To verify this hypothesis, we overexpressed HSF-1 and examined the levels of SAP97 and K~v~1.5 proteins. As shown in [Figure 2A](#fig02){ref-type="fig"}, overexpression of HSF-1 significantly increased the protein levels of K~v~1.5 and SAP97. In contrast, the HSF-1 mutant R71G, which lacks the ability to bind to HSEs, failed to increase the protein levels of Hsp70, SAP97 and K~v~1.5 ([Figure 2B](#fig02){ref-type="fig"}), although R71G could react with the protein level of HSF-1 ([@b11]).

![Heat shock (HS) regulation of the expression of HSP70, HSF-1, SAP97 and K~v~1.5 proteins. HL-1 cells were treated with HS (at 42 °C for 1 h) and analysed by Western blotting using anti-HSP70, HSF-1, SAP97 and K~v~1.5 antibodies (*left*). The blots at the bottom were reprobed with anti-β-actin as internal control. The mean ratio (±SEM) of each protein level normalized to β-actin (*n* = 6 for control and HS groups) is shown (*right*). Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05.](bph0162-1832-f1){#fig01}

![HSF-1 regulation of the expression of HSP70, HSF-1, SAP97 and K~v~1.5 proteins. HL-1 cells were transfected with wild-type (Wt) HSF-1 (A) and mutant R71G (B) plasmids and analysed by Western blotting using anti-HSP70, HSF-1, SAP97 and K~v~1.5 antibodies *(left)*. The blots at the bottom were reprobed with anti-β-actin as internal control. The mean ratio (±SEM) of each protein level normalized to β-actin (*n* = 6 for control and transfected groups) is shown (*right*). Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05; N.S. = not statistically significant.](bph0162-1832-f2){#fig02}

Heat shock and HSF-1 activated SAP97 transcription
--------------------------------------------------

To elucidate the mechanism of the HSF-1-induced increase in SAP97 protein, we examined the effects of heat shock and HSF-1 overexpression on the transcription of the SAP97 gene, in HL-1 cells using real-time PCR. Both heat shock at 42°C for 1 h and overexpression of wild-type HSF-1, but not the R71G mutant, significantly increased the level of SAP97 mRNA ([Figure 3](#fig03){ref-type="fig"}). MOTIF-SEARCH predicted the presence of HSEs from −919 to −740 of the SAP97 gene promoter region. To verify the function of these putative HSEs, we developed a pGL3 luciferase reporter gene construct that contains the ∼1 Kb promoter region (pGL3/SAP97) and a deletion construct that lacked the HSEs (pGL3/ΔHSEs). As shown in [Figure 4](#fig04){ref-type="fig"}, heat shock for 30 min at 42°C activated pGL3/SAP97 but not pGL3/ΔHSEs in HL-1 cells. Next, we tested whether HSF-1-induced activation of SAP97 altered the level of K~v~1.5 channels. As shown in [Figure 5](#fig05){ref-type="fig"}, siRNA of SAP97 for overnight abolished the increase in K~v~1.5 proteins induced by HSF-1, while scrambled siRNA did not influence the increase in K~v~1.5 proteins by HSF-1.

![Effects of HS and HSF-1 overexpression on SAP97 mRNA expression. HL-1 cells were treated with HS (at 42°C for 1 h) (*left*), HSF-1 Wt and mutant R71G overexpression (*right*), then real-time PCR analysis were performed with SAP97 and β-actin primers. The mean ratio (±SEM) of each mRNA quantity normalized to β-actin (*n* = 6 for control and each treatment groups) is shown. Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05, \*\**P* \< 0.01. PCR, polymerase chain reaction.](bph0162-1832-f3){#fig03}

![HS regulation of the activity of SAP97 promoter with HSEs. Effects of HS on luciferase activity in HL-1 cells transfected with reporter gene. Cells were co-transfected with SAP97 gene ∼1 Kb promoter-pGL3Basic luciferase reporter fusion plasmid containing (pGL3/SAP97) or lacking HSEs (pGL3/ΔHSEs) and pRL-TK vector as internal control; luciferase activities were measured after stimulation with HS (at 42°C for 30 min). The mean ratio (±SEM) of the firefly luciferase activity normalized to *Renilla* luciferase per well (*n* = 20 for pGL3 vector, pGL3/SAP97 and pGL3/ΔHSEs groups) is shown. Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05. HSE, heat shock element.](bph0162-1832-f4){#fig04}

![siRNA-SAP97 regulation in HSF-1-induced increases in expression of HSF-1, SAP97 and K~v~1.5 proteins. HL-1 cells transfected with siRNA against SAP97 or scrambled siRNA were treated with Wt-HSF-1 plasmid and analyzed by Western blotting using anti-HSF-1, SAP97 and K~v~1.5 antibodies. The blots at the bottom were reprobed with anti-β-actin as internal control. The mean ratio (±SEM) of each protein level normalized to β-actin (*n* = 3 for control and each treatment groups) is shown (*right*). Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05; N.S., not statistically significant; siRNA, small interfering RNA.](bph0162-1832-f5){#fig05}

SIRT1 controls transcription of SAP97
-------------------------------------

It has been shown that acetylation of HSF-1 reduces its binding affinity to HSEs via recruitment of p300 ([@b35]). Moreover, activation of the deacetylase and longevity factor SIRT1 has been shown to prolong HSF-1 binding to HSEs ([@b34]). Thus, we examined whether modulators of SIRT1 function could influence the transcription of SAP97 in HL-1 cells transfected with HSF-1. An activator of SIRT1, resveratrol (50 µM), enhanced the effects of HSF-1 on SAP97 mRNA ([Figure 6A](#fig06){ref-type="fig"}), whereas an SIRT1 inhibitor, nicotinamide (5 mM), abolished its effects ([Figure 6B](#fig06){ref-type="fig"}). As expected, SIRT1 siRNA suppressed the heat shock--induced increase in SAP97 mRNA levels as shown in [Figure 6C](#fig06){ref-type="fig"}. SAP97 re-induced at the indicated recovery times after heat shock treatment despite knock down of SIRT1, suggesting heat shock may increase SAP97 mRNA through another pathway independent of SIRT1 regulation.

![Effects of SIRT1 modulators on SAP97 transcription. (A) Effect of the SIRT1 inducer resveratrol on SAP97 mRNA expression. HL-1 cells transfected with HSF-1 were treated with resveratrol (50 µM) for overnight and real-time PCR analysis was performed with SAP97 and β-actin primers. The mean ratio (±SEM) of SAP97 mRNA quantity normalized to β-actin (*n* = 6 for control and resveratrol groups) is shown. Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05. (B) Effect of the SIRT1 inhibitor nicotinamide (NAM) on SAP97 mRNA expression. HL-1 cells transfected with HSF-1 were treated with NAM (5 mM) overnight, and real-time PCR (RT-PCR) analysis was performed with SAP97 and β-actin primers. The mean ratio (±SEM) of SAP97 mRNA quantity normalized to β-actin (*n* = 6 for control and nicotinamide groups) is shown. Statistical significance of the differences between each group was tested by Student\'s *t*-test: \**P* \< 0.05. C. Time courses of mRNA level of SAP97 and SIRT1 after HS with or without siRNA-SIRT1 inhibition of SAP97 transcription. HL-1 cells transfected with siRNA against SIRT1 or scrambled siRNA were treated at 42°C for 1 h and were harvested at indicated recovery time after HS. RT-PCR analysis was performed with SAP97, SIRT1 and β-actin primers. PCR. Polymerase chain reaction; siRNA, small interfering RNA.](bph0162-1832-f6){#fig06}

GGA increased SAP97, K~v~1.5 and I~Kur~ via activation of HSF-1
---------------------------------------------------------------

A nontoxic acyclic isoprenoid compound, GGA, has been reported to increase Hsp70 expression through activation of HSF-1 ([@b28]). GGA increased HSF-1 in a concentration-dependent manner. The EC~50~ for GGA-induced increases of HSF-1 was 26.8 nM (h = 0.8), with peak effects at 100 nM ([Figure 7](#fig07){ref-type="fig"}).

![Dose-dependent effects of GGA on HSF-1 protein expression. HL-1 cells were treated with GGA at 0, 1, 10, 50, 100, 500 nM and analysed by Western blotting using anti-HSF-1 antibody. The blots at the bottom were reprobed with anti-β-actin as internal control (upper panel). The EC~50~ for GGA, on the expression of HSF-1, was 26.8 nM with h = 0.8 (*n* = 6). The values of relative band density of HSF-1 measured with various GGA concentrations were normalized to β-actin; their percentages were plotted as a function of GGA on a logarithmic scale. The line is a fit to the mean value of relative band density (*n* = 6), based on the following Hill equation: % relative band density = {(1 − S)·EC~50~^h^/(EC~50~^h^+\[GGA\]^h^) + S} × 100, which EC~50~ and h represent the half-maximum incremental concentration and Hill coefficient, respectively, with S standing for the residual component at higher GGA (lower panel). GGA, geranylgeranylacetone.](bph0162-1832-f7){#fig07}

GGA at 100 nM significantly increased the protein levels of K~v~1.5 channels and SAP97 as well as SAP97 mRNA ([Figure 8A,B](#fig08){ref-type="fig"}). It increased the luciferase activity in HL-1 cells transfected with pGL3/SAP97 but not in cells transfected with pGL3/ΔHSEs ([Figure 8C](#fig08){ref-type="fig"}), indicating that GGA increased SAP97 mRNA through an interaction between HSF-1 and the HSEs in the SAP97 promoter region. As shown in [Figure 9](#fig09){ref-type="fig"}, resveratrol enhanced the effects of GGA on SAP97 mRNA, and again, nicotinamide abolished its effect.

![Effects of GGA on the regulations of SAP97 and related proteins. (A) GGA (100 nM) regulates expression of HSP70, HSF-1, SAP97 and K~v~1.5 proteins. HL-1 cells were treated with GGA 100 nM or ethanol overnight and analyzed by Western blotting using anti-Hsp70, HSF-1, SAP97 and K~v~1.5 antibodies. The blots at the bottom were reprobed with anti-β-actin as internal control. The mean ratio (±SEM) of each protein level normalized to β-actin (*n* = 6 for control and GGA groups) is shown. Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05. (B) Effect of GGA 100 nM on SAP97 mRNA expression. HL-1 cells were treated with GGA 100 nM for overnight, and real-time PCR analysis was performed with SAP97 and β-actin primers. The mean ratio (±SEM) of SAP97 mRNA quantity normalized to β-actin (*n* = 6 for control and GGA groups) is shown. Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05. (C) GGA 100 nM regulation of the activity of SAP97 promoter with HSEs. Effects of GGA on luciferase activity in HL-1 cells transfected with reporter gene. Cells were cotransfected with SAP97 gene ∼1 Kb promoter-pGL3 basic luciferase reporter fusion plasmid containing (pGL3/SAP97) or lacking HSEs (pGL3/ΔHSEs) and the pRL-TK vector as internal control; luciferase activities were measured after stimulation with GGA 100 nM. The mean ratio (±SEM) of firefly luciferase activity normalized to *Renilla* luciferase per well (*n* = 20 for pGL3 vector, pGL3/SAP97 and pGL3/ΔHSEs groups) is shown. Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05. GGA, geranylgeranylacetone; HSE, heat shock element.](bph0162-1832-f8){#fig08}

![Effects of SIRT1 modulators in GGA-induced increase on SAP97 mRNA. HL-1 cells treated with the SIRT1 activator resveratol (50 µM), in (A) or the SIRT1 inhibitor nicotinamide (5 mM) overnight, in (B) after stimulation with GGA (100 nM) overnight, and real-time PCR analysis was performed with SAP97 and β-actin primers. The mean ratio (±SEM) of SAP97 mRNA quantity normalized to β-actin (*n* = 6 for control and each treatment groups) is shown. Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05, \*\**P* \< 0.01. GGA, geranylgeranylacetone; PCR, polymerase chain reaction.](bph0162-1832-f9){#fig09}

GGA increased I~Kur~ currents through cell surface K~v~1.5 channels
-------------------------------------------------------------------

We further examined effects of GGA on I~Kur~ in cells expressing K~v~1.5 channels. In COS7 cells expressing K~v~1.5-FLAG proteins, GGA treatment at 100 nM for 12 h significantly increased I~Kur~ at test potentials of +20 to +80 mV ([Figure 10A,B](#fig10){ref-type="fig"}). This effect required preincubation of the cells with the drug, as GGA had no effect when applied immediately before the current recording (data not shown). Brefeldin A inhibits ADP ribosylation factor--dependent protein transport in the Golgi apparatus, whereas colchicine inhibits microtubule-dependent protein transport ([@b21]). To substantiate the hypothesis that GGA-induced increase of I~Kur~ was due to stabilization of K~v~1.5 channels, we tested effects of brefeldin A and colchicine (both at 5 µM for 12 h) on I~Kur~. Treatment with either drug decreased the basal level of I~Kur~ and abolished the GGA-induced increase in I~Kur~ ([Figure 10C](#fig10){ref-type="fig"}). These results indicated that GGA-induced increase of I~Kur~ was caused by stabilization of this protein.

![Effects of GGA on I~Kur~ in COS7 cells transfected with K~v~1.5-FLAG channels. (A) Representative current traces from COS7 cells treated with GGA 100 nM or vehicle control (0.01% ethanol) for 12 h. The currents were elicited by 500 ms test pulses ranging from −60 to +80 mV (in 10 mV increments). The holding potential was −60 mV. Right panels show the 4-AP sensitive currents obtained by subtracting the currents recorded in the presence of 1 mM 4-AP (*middle*) from those recorded in the absence of 4-AP (*left*). (B) Current--voltage relationships of 4-AP-sensitive currents in the presence and absence of GGA. The peak amplitudes of the currents are presented as the mean ratio (±SEM) (pA/pF) (*n* = 21 for control and GGA 100 nM groups). Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05, \*\**P* \< 0.01. C. Effect of brefeldin A and colchicine on GGA 100 nM-induced increases in I~Kur~ currents elicited by 500 ms test pulse to +30 mV. Cells were treated with brefeldin A or colchicine (both at 5 µM for 12 h) before determination of I~Kur~ currents in the presence of GGA 100 nM (*n* = 12 for control and each treatment groups). Statistical significance of the differences among each group was tested by Student\'s *t*-test: \**P* \< 0.05, N.S. = not statistically significant. GGA, geranylgeranylacetone.](bph0162-1832-f10){#fig10}

Discussion and conclusion
=========================

I~Kur~ and the Ca^2+^-independent transient outward currents (I~to~) are among the main repolarizing currents that contribute to the early phase of atrial and ventricular repolarization. There is a general consensus that the voltage-dependent K~v~1.5 and K~v~4.2/4.3 channels are the main molecular determinants of atrial I~Kur~ and ventricular I~to~ respectively. SAP97 is abundantly expressed in myocardium and is known to regulate the formation of channel complexes by anchoring K~v~ channel subunits on the plasma membrane. SAP97 colocalizes and coprecipitated with K~v~1.5 channel proteins in cardiac myocytes and enhances currents carried by K~v~1.5 channels ([@b25]). SAP97 can also interact with the inward rectifier K^+^ channels via its PDZ domains and makes the G protein--sensitive current ([@b16]). I~to~ is a major repolarizing K^+^ current in ventricular myocytes, which contributes to the early phase of repolarization, influencing the shape and duration of action potential. SAP97 has also been reported to interact with K~v~4.2/4.3 channels to regulate I~to~ currents ([@b10]).

As a linker protein, SAP97 connects signaling proteins and their targets. Phosphorylation of β-adrenoceptors by cAMP-dependent protein kinase depends on SAP97/AKAP interaction ([@b12]). SAP97 works as a molecular adaptor between K~v~1.4 channels and the calmodulin-dependent protein kinase (CaMK)II as well ([@b22]). Taken together, SAP97 creates the scaffold complex that anchors several channels in the plasma membrane. Therefore, the up-regulation of SAP97, through activation of HSF-1, could activate both I~Kur~ and I~to~ in the cardiac myocytes and modify responses to adrenergic signaling in the heart, influencing the shape and duration of action potentials in both atrial and ventricular myocytes.

The growth factors and neurotrophins, such as BDNF and NRG-1, have been reported to regulate postsynaptic density protein 95/cysteine-rich intestinal protein (PSD-95/Crip), though these growth factors increased SAP97 protein expression without changes in its mRNA, indicating their translational or post-translational modification of SAP97 protein ([@b38]; [@b9]; [@b19]). In our study, we demonstrated that heat shock increased SAP97 mRNA via activation of HSF-1. This increase in the protein level of SAP97 was associated with stabilization of K~v~1.5 channels in HL-1 cells. This is the first report to demonstrate that heat shock and HSF-1 could directly up-regulate SAP97 mRNA levels via binding to HSEs. Thus, the SAP97 gene could be a novel class of genes regulated by HSF-1.

It is well known that HSF-1 is post-translationally modified by phosphorylation and modification of SUMO-1 to achieve a further dynamic range of action ([@b18]). Binding of HSF-1 to its target promoter sites has recently been reported to be regulated by either acetylase or deacetylase action ([@b30]). SIRT1 directly deacetylates HSF-1 and thereby regulates the heat shock response in mammalian cells ([@b35]). In the present study, a SIRT1 activator, resveratrol, increased the mRNA of SAP97 and a SIRT1 inhibitor, nicotinamide, decreased it, findings confirmed by a knock-down experiment of SIRT1 using siRNA abolished the heat shock--induced increase in SAP97 mRNA level. These data indicated an involvement of SIRT1 in HSF-1-induced activation of SAP97 transcription.

During atrial fibrillation or atrial dilation, the density of I~Kur~ has been reported to be unaltered or only slightly decreased despite the decrease in K~v~1.5 channels in the atrial myocardium ([@b24]; [@b33]; [@b36]). [@b1] suggested a compensating response for the down-regulation of K~v~1.5 channels and up-regulation of SAP97 through activation of HSF-1 might be one of the cellular responses to compensate for the down-regulation of K~v~1.5 channels. Indeed, SAP97 stabilized cardiac K~v~1.5 channels ([@b25]), which is consistent with our results. Cardiac hypertrophy is associated with reduction of both K~v~4.1/4.2 proteins and repolarizing K^+^ currents (I~to~) that leads to an increased APD and electrical vulnerability ([@b29]). Thus, HSF-1-induced up-regulation of SAP97 also may be important to compensate for the down-regulation of K~v~4.1/4.2 channel activity in these conditions.

A regulator of HSF-1 could be of benefit for treatment of atrial fibrillation or ventricular arrhythmia in cardiac hypertrophy that reduces the stability of K~v~1.5 as well as K~v~4.2/4.3 channels. GGA is a nontoxic acyclic isoprenoid compound with a retinoid skeleton that could increase Hsp70 expression through activation of HSF-1 in various tissues ([@b28]). In HL-1 cells, GGA prevents atrial remodelling induced by tachypacing and oral administration of GGA protects atrial fibrillation--induced atrial remodeling ([@b4],[@b5];). In the present study, we report for the first time that GGA can (i) up-regulate the SAP97 mRNA via HSEs activation, (ii) increase SAP97 protein levels, (iii) stabilize K~v~1.5 channels and (iv) enhance I~Kur~.

The increase of I~Kur~ by GGA may shorten the APD of atrial myocytes, especially in chronic atrial fibrillation. As K~v~1.5 channels are reduced as a consequence of mutations that cause hereditary human atrial fibrillation to induce triggered activity, GGA-induced increases of SAP97 and K~v~1.5 channels might be beneficial under such pathological condition. However, its benefit might be restricted to specific mutation. On the contrary, GGA-induced activation of I~Kur~ or I~to~ through the activation of transcription of SAP97 might be restricted to specific mutations and shorten the atrial and ventricular APD. Since it is well established that activation of K~v~1.5 channel currents shortens an effective refractory period, GGA-induced activation of I~Kur~ or I~to~ may lead to atrial fibrillation as well as ventricular arrhythmia.

It has been reported that SIRT1 works as an endogenous inhibitor of stress-mediated cell death in the cardiac myocytes as shown by the prevention of the cardiac cellular apoptosis by resveratrol ([@b3]). Cellular apoptosis is well known to be caused by elevation of intracellular Ca^2+^ concentration. Activation of SIRT1 by resveratrol could augment the effects of GGA on SAP97 transcription to activate I~Kur~. As a result, the shortening of the APD could decrease the cardiac intracellular Ca^2+^ concentration to inhibit mitochondrial Ca^2+^ uptake, mitochondrial permeation transport pore and Bax protein ([@b7]). Resveratrol-induced activation of SIRT1 may also be involved in the antiapoptotic effect of this drug. SIRT1 might be a therapeutic target to enhance the beneficial effects of GGA to prevent cardiac apoptosis.
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4-AP

:   4-aminopyridine

APD

:   action potential duration

BDNF

:   brain-derived neurotrophic factor

ER

:   endoplasmic reticulum

GGA

:   geranylgeranylacetone

HSEs

:   heat shock elements

HSF-1

:   heat shock factor 1

Hsp

:   heat shock protein

I~Kur~

:   the ultra-rapid component of the delayed-rectifier K^+^ channel current

MAGUK

:   membrane associated guanylate kinase

NMDA

:   N-methyl-D-aspartate

NRG1

:   neuregulin-1

PDZ

:   PSD95/Dlg/ZO-1 proteins

PSD-95/Crip

:   postsynaptic density protein 95/ cysteine-rich intestinal protein

SAP97

:   synapse associated protein 97
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